Weld residual stress analysis is an effective method for integrity evaluation of welding structures. However, faster computation techniques have been demanded because of the huge calculation time needed for the analysis. Recently, accurate weld residual stress evaluation based on faster three-dimensional analysis has become available through development of the iterative substructure method. In this study, computing performance of the three-dimensional weld residual stress analysis using the iterative substructure method was examined for a large-diameter thick-walled stainless steel pipe joint and then the analysis accuracy was validated by the weld residual stress distribution measured using the inherent strain method. These results demonstrated that the analysis technique using the iterative substructure method could accurately calculate large-scale welding problems within practical times.
Introduction
There are many weld zones for the apparatuses and pipes in power plants and industrial process plants. Residual stress generated in these zones by the welding process is the most important factor influencing maintenance of structural integrity.
Presently, weld residual stress is evaluated by measurements of actual structures and mock-ups, approximate calculations using simple evaluation formulas, and numerical simulations using thermal elastic plastic analysis. Among them, weld residual stress evaluation using numerical simulations has become more popular owing to innovation of new computing technologies and simulation techniques.
Weld residual stress analysis is an effective method to evaluate the stress distribution resident in weld structures. However, a huge computation time is required for the finite element analysis because weld phenomena are transient problems with strong nonlinearity, and faster computation techniques have been demanded. Recently, faster weld residual stress analysis using a precise three-dimensional (3D) model has become available through development of the iterative substructure method (ISM) 1) .
The analysis accuracy and computing performance, however, have not been sufficiently validated yet for the weld residual stress analysis technique based on ISM. Only a few validation cases 2) have been reported and more should be done.
In this study, the computation speed performance of the 3D
weld residual stress analysis using the ISM was examined for a large-diameter thick-walled stainless steel pipe joint and then the analysis accuracy was validated by the weld residual stress distribution measured using the inherent strain method 3) which is known to be an accurate measurement technique due to its use of inversion analysis and statistical estimation.
Iterative substructure method (ISM)
1)
The numerical analysis of multi-pass weld structures such as pipe joints takes more than a few weeks to run, even though the most popular general purpose finite element analysis codes are used. More efficient analysis methods are needed to predict weld residual stress and weld distortion of actual plant components and ISM is one of the candidate methods. 
Analysis conditions
In this study, an unsteady heat conduction analysis was conducted using a moving heat source model. The amount of heat input was assumed based on the actual welding conditions. The interpass temperature was set to 150°C the same value as in actual welding conditions. Deposition of weld metal on the joint was simulated using the birth-death element technique in which each element was activated according as the weld heat source moved. For a thermal elastic plastic stress analysis, the isotropic hardening rule was used and the annealing effect in which welding heat affected a lower layer was taken into account. To express this effect, the amount of cumulative plastic strain was assumed to be zero in the region with a temperature above 800°C.
Many researchers have studied on which hardening rule is best 4)
.
The isotropic hardening rule was reported to overestimate weld residual stress 4) . On the other hands, the combination of the consideration of annealing effect with the isotropic hardening rule was proposed to improve the accuracy of weld residual analysis much more than the independent employment of the rule 5) . The stress analysis was conducted based on the stress-strain . Figure 6 shows the dependence of material properties on temperature. The strain-hardening coefficients were calculated from the relationship between true stress and true plastic strain. The heat transfer coefficient was assumed to be 20 × 10 -6 W/(mm 2 ·°C).
The calculation was done using parallel computation of 4
CPUs with Intel Xeon X5260 (3.33 GHz) and 64 GB memory.
SuSE Linux 9.3 was used as the operation system.
Calculation time
The calculation time was 9.2 h in the heat conduction analysis and 61.1 h in the thermal plastic elastic analysis using parallel computation of 4 CPUs. These times indicated that the finite element analysis using ISM could solve the large-scale welding problem at extremely fast speeds.
Measurement by inherent strain method

Inherent strain method using functional form 7)
The weld residual stress distribution was measured by the inherent strain method 3)
. In this method, variation of elastic strain is measured when weld residual stress of the mock-up is released by cutting it into pieces, and then the weld residual stress distribution is estimated by an elastic calculation using the inherent strain distribution obtained from the variation of strain.
In the inherent strain method using the functional form 7) employed in this study, the inherent strain distribution is 
Here, denotes the distribution of inherent strain, and show local coordinates in the axial and radius directions, Z k and R k are the axial and radial coordinates at the edges of regions including inherent strain in the local coordinate system, A 1k and A ijk are distribution coefficients of inherent strain, N is the term number of the polynomial function, and k=0, 1, 2, 3, 4.
The 3D distribution of weld residual stress was estimated assuming an axisymmetric distribution and using Eq. (1), Eq. (2) and N=3. The estimation was calculated using an improved version on the basis of a program developed by Osaka University and Mitsubishi Heavy Industries, Ltd. The maximum values of error bars obtained in this study were within 80 MPa for hoop stress and within 50 MPa for axial stress.
Measured distribution of weld residual stress
Comparison of measurements accuracy between the three locations showed that the accuracy at the weld center was not better than for the others. This was thought to be why heterogeneity in the weld region caused local variation of the residual strain.
Comparison between two measurement values obtained by using Eqs. (1) and (2) 
Conclusions
The fast computation performance of the welding simulation method based on the ISM was examined and the analysis accuracy was validated by the stress distribution measured using the inherent strain method. It was clear that the simulation method could accurately solve large-scale welding problems within practical calculation times. 
